Function-driven metagenomic analysis is a powerful approach to screening for novel biocatalysts. In this study, we investigated lipolytic enzymes selected from an alluvial soil metagenomic library, and identified two novel esterases, EstDL26 and EstDL136. EstDL26 and EstDL136 reactivated chloramphenicol from its acetyl derivates by counteracting the chloramphenicol acetyltransferase (CAT) activity in Escherichia coli. These two enzymes showed only 27% identity in amino acid sequence to each other; however both preferentially hydrolyzed short-chain p-nitrophenyl esters (≤C 5 ) and showed mesophilic properties. In vitro, EstDL136 catalyzed the deacetylation of 1-and 3-acetyl and 1,3-diacetyl derivates; in contrast, EstDL26 was not capable of the deacetylation at C 1 , indicating a potential regioselectivity. EstDL26 and EstDL136 were similar to microbial hormone-sensitive lipase (HSL), and since chloramphenicol acetate esterase (CAE) activity was detected from two other soil esterases in the HSL family, this suggests a distribution of CAE among the soil microorganisms. The isolation and characterization of EstDL26 and EstDL136 in this study may be helpful in understanding the diversity of CAE enzymes and their potential role in releasing active chloramphenicol in the producing bacteria.
Function-driven metagenomic analysis is a powerful approach to screening for novel biocatalysts. In this study, we investigated lipolytic enzymes selected from an alluvial soil metagenomic library, and identified two novel esterases, EstDL26 and EstDL136. EstDL26 and EstDL136 reactivated chloramphenicol from its acetyl derivates by counteracting the chloramphenicol acetyltransferase (CAT) activity in Escherichia coli. These two enzymes showed only 27% identity in amino acid sequence to each other; however both preferentially hydrolyzed short-chain p-nitrophenyl esters (≤C 5 ) and showed mesophilic properties. In vitro, EstDL136 catalyzed the deacetylation of 1-and 3-acetyl and 1,3-diacetyl derivates; in contrast, EstDL26 was not capable of the deacetylation at C 1 , indicating a potential regioselectivity. EstDL26 and EstDL136 were similar to microbial hormone-sensitive lipase (HSL), and since chloramphenicol acetate esterase (CAE) activity was detected from two other soil esterases in the HSL family, this suggests a distribution of CAE among the soil microorganisms. The isolation and characterization of EstDL26 and EstDL136 in this study may be helpful in understanding the diversity of CAE enzymes and their potential role in releasing active chloramphenicol in the producing bacteria.
Keywords: Chloramphenicol acetyltransferase, chloramphenicol reactivation, esterase, metagenomics Natural environments possess great microbial diversity; however, the overwhelming majority of microorganisms are at present not readily culturable [2] . Metagenomics is an alternative strategy that enables identification of novel genes based on either function or sequence similarity, bypassing the cultivation of microorganisms [7] . Screening a metagenomic library is a powerful way to identify genes of interest via expression of cloned metagenomic DNA in a surrogate host. To date, a large number of novel microbial enzymes have been characterized from environmental metagenomes, including the lipolytic enzymes [9, 19] , lactonases [29] , and xylanase [11] ; and there is still tremendous potential to find novel enzymes from diverse microbial habitats.
Lipolytic enzymes are widely distributed in natural environments, including carboxylesterases (E.C. 3.1.1.1) that preferentially hydrolyze short-chain triglycerides, and lipases (E.C. 3.1.1.3) that prefer water-insoluble longchain fatty acids [3] . These enzymes are of importance for biotechnological applications owing to their unique properties [4, 12] . With a growing interest in these enzymes, numerous lipolytic enzymes have been identified from metagenomic studies recently [15, 18, 28] .
In this study, we identified two novel esterases, EstDL26 and EstDL136, that have a chloramphenicol (Cm) reactivating activity. Cm is a representative broad-spectrum amphenicol antibiotic that inhibits protein biosynthesis by interacting with ribosomal peptidyltransferase [27] . The most commonly encountered mechanism for Cm resistance is inactivation by chloramphenicol acetyltransferase (CAT). CAT inactivates Cm by specifically acetylating the C 3 hydroxyl group to generate 3-acetyl Cm, which is converted to 1-acetyl Cm by a non-enzymatic reaction and is then further acetylated by CAT to the 1,3-diacetyl Cm (Fig. 1) [24, 30] . EstDL26 and EstDL136 showed chloramphenicol acetate esterase (CAE) activity that counteracts the CAT encoded by cat in fosmids by hydrolyzing Cm acetates. Reactivation of Cm from Cm acetates likely occurs in nature, and such deacetylation has been reported [25, [31] [32] [33] . However, the *Corresponding author Phone: +82-51-200-7551; Fax: +82-51-200-7505; E-mail: seonlee@dau.ac.kr corresponding enzymes and genes for CAE activity have not been identified yet. Thus, EstDL26 and EstDL136 are the first two CAE enzymes being characterized, which are responsible for the Cm acetate esterase activity.
MATERIALS AND METHODS

Metagenomic Library Construction and Lipolytic Clone Selection
Alluvial soil was collected from Eulsukdo Island (Saha-Gu, Busan, Republic of Korea), where the Nakdong River converges to the sea and forms a unique ecosystem. Soil DNA isolation was performed as Zhou et al. [35] described. Library construction was performed by following the protocol of the Fosmid Library Production kit (Epicentre, Madison, WI, USA). To investigate the lipolytic activity, library clones were incubated on LB agar (1% tributyrin, 50 µg/ml Cm) for 2~4 days, and positive clones that generated a clear halo around colonies were selected.
Thin-Layer Chromatography (TLC)
Escherichia coli metabolite profiles were simply analyzed by organic extraction and TLC. E. coli carrying lipolytic clones were cultured in LB broth (50 µg/ml Cm) for 48 h. A negative control was performed identically using pEpiFOS5 instead of lipolytic clones. Culture supernatants were harvested by centrifugation and extracted twice with an equal volume of ethyl acetate. Two extracts were combined and evaporated to dryness. The residues were then dissolved in 50 µl of ethyl acetate and applied for TLC using silica gel 60 F254 (Merck, Darmstadt, Germany) with an acetone:chloroform ratio of 15:85.
Chemical Identification
The new compound (EC) produced from pDL26 and pDL136 strains was purified by preparative TLC using methanol:chloroform (1:9). The purity of the EC was determined by high-performance liquid chromatography (HPLC) with a C 1 8 column (µBondapak, 300 mm × 3.9 mm; Waters, Milford, MA, USA) using a linear gradient from 30% to 100% methanol. Detection was achieved at 254 nm by using a photodiode array detector (Waters). The UV-visible absorption spectrum was assayed with a UV/VIS spectrophotometer (Beckman Coulter, Brea, CA, USA) from 200 to 500 nm. Mass spectral (MS) analysis was performed to identify the molecular structures of the EC. Electron impact-mass spectra (EI-MS) were recorded on a double-focusing high-resolution mass spectrophotometer (JMS-DX303; JEOL Ltd., Tokyo, Japan). A Cm standard was purchased from Sigma-Aldrich (St. Louis, MO, USA).
DNA Sequence Analysis
To identify the genes responsible for lipolytic activity from pDL26 and pDL136, a secondary shotgun library was generated by digesting with EcoRI and HindIII for pDL26 and BamHI for pDL136. Resultants pUDL26EH and pUDL136B were selected and the complete insert DNA sequence was determined. The open reading frames (ORFs) contained were analyzed using the ORF finder and further examined by BLAST analysis (http://blast.ncbi. nlm.nih.gov). Alignments of the amino acid sequences were performed by using the ClustalX program [13] . Phylogenetic analysis was performed with the MEGA 4.1 (Beta 3) using the neighbor-joining method [34] . A bootstrap test with 1,000 replicates was used to estimate the reliability of phylogenetic analysis.
Expression and Purification of EstDL26 and EstDL136
Primer pairs E26F 5'-GAAGATCTGATGACCAGCTCACCGATC-3' and E26R 5'-CCCTCGAGTCAGACGGAGTCGGCGAA-3' for estDL26; and E136F 5'-GAAGATCTGATGCCGTTAAACCCCCAT-3' and E136R 5'-CCCTCGAGTCAAGCGAGGTCTCTTTT-3' for estDL136, were used to amplify the lipolytic genes. Resulting products were ligated with pET-30b(+) (Novagen, Darmstadt, Germany) separately to generate pET30-estDL26 and pET30-estDL136. E. coli BL21 (DE3) carrying either pET30-estDL26 or pET30-estDL136 was cultured in LB broth (50 µg/ml kanamycin), and protein induction was initiated by adding 0.4 mM isopropyl β-D-1-thiogalactopyranoside (IPTG) when the OD 6 0 0 had reached 0.8. Cell pellets were harvested and lysed to prepare the cell lysates that were then used for protein purification using the ÄKTA prime liquid chromatography system (GE Healthcare, Little Chalfont, Buckinghamshire, UK), wherein 6× His-fusion proteins bind to a HisTrap HP affinity column (5 ml; GE Healthcare). Purified proteins were analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), and their concentrations were determined by bicinchoninic acid assay.
Enzyme Characterization p-Nitrophenyl (NP) esters (acetate, butyrate, valerate, octanoate, decanoate, dodecanoate, and myristate) with different acyl-chain lengths were used to determine the specific activity of EstDL26 and EstDL136. The enzyme activity was measured by incubating the purified proteins with 2.5 mM substrate in 50 mM Tris-HCl buffer (0.1 M NaCl, 0.3% Triton X-100, pH 8.0) at 30 o C. Liberated pnitrophenol was measured by detecting the absorbance at 400 nm, and the extinction coefficient was determined as 22,584 M under standard conditions. One unit of enzyme activity was defined as the amount of enzyme required for formation of 1 µmol pnitrophenol per minute under standard conditions.
The effect of temperature on enzyme activity was determined by measuring the lipolytic activity at 5 to 50 o C with 2.5 mM p-NP valerate. The effect of pH was measured in a series of pH buffers under the standard conditions. The p-nitrophenol liberated was measured at 348 nm (the pH-independent isosbestic point of pnitrophenol and p-nitrophenoxide ion). The pH buffers used were 100 mM sodium citrate buffer (pH 3-6), 100 mM potassium CHLORAMPHENICOL ACETATE ESTERASE FROM METAGENOME 1205 dihydrogen phosphate (pH 6-8), 100 mM disodium hydrogen phosphate (pH 7-10), and 50 mM sodium bicarbonate (pH 10-11).
CAE Assay
The CAE activity of EstDL26 and EstDL136 was determined by using a FAST CAT chloramphenicol acetyltransferase assay kit F-2900 (Invitrogen, Carlsbad, CA, USA). BODIPY FL chloramphenicol (BCAM) was used for Cm, which is a fluorescent Cm derivative with a BODIPY that enables a rapid quantitative detection of Cm derivates. Reference standard (mixture of BCAM and its 1-and 3-acetyl and 1,3-diacetyl derivatives) was used for Cm acetates. Purified proteins (ca.
Nucleotide Sequence Accession Number
The nucleotide sequences of the pUDL26EH and pUDL136B inserts have been deposited in GenBank under accession numbers HQ148665 and HQ148666, respectively.
RESULTS
Library Construction and Lipolytic Activity Screening
Environmental DNA of alluvial soil was used to construct the metagenomic library that consisted of approximately 45,300 clones, with 34,300 constructed in pEpiFOS5 and 11,000 in pCC1FOS. The average DNA size of library clones was ~35 kb, as determined by analysis of BamHI-digested DNA from 50 randomly picked clones. When screening for lipolytic activity, a total of 50 various lipolytic clones were selected at a frequency of one positive clone per 906 library clones (~31.7 Mb), based on tributyrin hydrolysis.
Metabolic Profile of E. coli Strains Metabolic profiles of E. coli carrying lipolytic clones were simply analyzed by TLC. When comparing the profiles of various lipolytic strains, the extracts of pDL26 and pDL136 strains revealed a dramatically altered metabolite profile, which differed from E. coli carrying pEpiFOS5 or pCC1FOS (Fig. 2) , and other lipolytic strains (data not shown). Even the metabolic profiles of pDL26 and pDL136 also showed slight differences, where in extracts of E. coli carrying pDL26, four metabolites with R f of 0.76, 0.68, 0.58, and 0.51 were not detected; similarly, in the pDL136 strain extract, metabolites of R f =0.76, 0.51 were not present, and the metabolite of R f =0.68 was greatly decreased; however the metabolite of R f =0.58 existed just as that in extracts of E. coli carrying pEpiFOS5 and pCC1FOS (Fig. 2) . Whereas several metabolites disappeared or were greatly decreased from the extracts of pDL26 and pDL136 strains, one new compound (R f =0.094) designated EC that was not present in controls was concurrently detected from the pDL26 and pDL136 profiles (Fig. 2) .
Detection of Chloramphenicol in Culture Extracts
The newly produced EC from pDL26 or pDL136 strains was selected for further identification, and other metabolites that disappeared from the E. coli clone extracts could not be identified owing to their complexity and lability. The purity of EC was determined by HPLC (Fig. 3A) , and UV/ VIS maxima for EC were 202 nm and 276 nm (Fig. 3B) . EI-MS showed EC has major peaks at m/z 291, 273, 239, 221, 209, 191, 170, 153, 136, and 118, a profile identical to that of Cm standard (Fig. 3C, 3D ). Comparing the HPLC retention times, absorption maxima, and EI-MS profiles between EC and the Cm standard, all results suggested that EC was indeed Cm (Fig. 3) , which was supplemented in culture and should be inactivated by the CAT encoded on the fosmid. This indicates that the enzymatic activity carried on pDL26 and pDL136 counteracts the CAT activity, hydrolyzing Cm acetates to release the active Cm. In addition, purified EC showed antimicrobial activity toward Cm-sensitive strains, which also suggests EC is Cm (data not shown).
EstDL26 and EstDL136 are Members of the HSL Family pUDL26EH carried a 2,865 bp NDA insert, consisting of two ORFs. orf1 encoded a putative esterase/lipase that was Lane 1, E. coli EPI100 (pEpiFOS5); lane 2, E. coli EPI100 (pDL26); lane 3, E. coli EPI300 (pCC1FOS); lane 4, E. coli EPI300 (pDL136). Open arrows, locations of degraded metabolites; solid arrow, EC produced from pDL26 and pDL136 strains. Metabolites were extracted from the spent cultures of E. coli carrying lipolytic clones with ethyl acetate, using a fosmid as the negative control. designated estDL26, and orf2 had a partial coding sequence that encoded phenylalanyl-tRNA synthetase. The pUDL136B carried a 2,276 bp DNA insert containing a putative esterase gene named estDL136, a putative gene, and two short-chain dehydrogenase/reductase genes with a partial coding sequence.
Deduced amino acid sequences of EstDL26 and EstDL136 revealed that they are novel esterases. EstDL26 showed similarity to many esterases of the microbial HSL family, like Est25 from uncultured bacterium (AAY45707; 62% identity), esterase from Mycobacterium gilvum (YP_001136509; 55%), esterase from M. vanbaalenii (YP_951831; 54%), and brefeldin A esterase from Bacillus subtilis (AAC12774; 48%). EstDL136 showed similarity to alpha/beta hydrolase from Novosphingobium aromaticivorans (YP_001166038; 58%), lipolytic enzymes from uncultured bacterium (ACF04196, 49%; ACL67843, 45%), and esterase/lipase/thioesterase from marine gamma-Proteobacterium (ZP_01616421; 47%). Alignments of EstDL26 and EstDL136 with similar proteins located a conserved GxSxG motif at the active site (Fig. 4A) . EstDL26 had Ser195 in the GESGG pentapeptide, which incorporated with Asp297 and His327 to form the catalytic triad. Similarly, EstDL136 had Asp252, His282, and Ser156 in the consensus GDSAG. Both proteins possessed a HGGG motif that was highly conserved in the HSL family [22] , suggesting they fall into the HSL family. Supporting this, phylogenetic analysis revealed that both enzymes clustered with members of the HSL family (Fig. 4B) . Since EstDL26 and EstDL136 both fell into the HSL family and had CAE activity, we investigated the CAE activity of other HSL enzymes that were identified in previous studies, and found that ELP4 [19] and ELP120 [10] from different soil resources exhibited detectable activities (data not shown).
Enzyme Characterization Molecular masses of the recombinant proteins, EstDL26 and EstDL136, were ~41 kDa and ~37 kDa, respectively, as determined by SDS-PAGE analysis. EstDL26 and EstDL136 exhibited highly similar lipolytic properties, although they only shared 27% identity in amino acid sequence. Both enzymes showed high activity toward short-chain p-NP esters (≤C 5 ), with the highest toward p- Rhombuses, sodium citrate buffer (pH 4-6); squares, potassium dihydrogen phosphate buffer (pH 6-8); triangles, disodium hydrogen phosphate buffer (pH 7-10); circles, sodium bicarbonate buffer (pH 10-11). The highest value was set as 100%. Error bars represent the standard deviation from three replicate determinations. (Fig. 5B ). They were highly active at pH 6-10, with >60% of maximum at pH 9, and had no activity at pH < 3 (Fig. 5C, 5D ).
EstDL26 and EstDL136
Reactivate BODIPY FL Chloramphenicol (BCAM) BCAM and the 1-acetyl, 3-acetyl, and 1,3-diacetyl acetates were used as substrate standards to investigate the CAE activities of EstDL26 and EstDL136, since all metabolites show fluorescence at 365 nm. The TLC result showed that EstDL26 completely hydrolyzed 3-acetyl and 1,3-diacetyl BCAM, and generated a large amount of BCAM and 1-acetyl BCAM concurrently in 2 h (Fig. 6) . Thus, EstDL26 was incapable of deacetylating the C 1 acetyl as it deacetylated 3-acetyl BCAM to BCAM, and 1,3-diacetyl BCAM to 1-acetyl BCAM, indicating a potential regioselectivity. A proportion of 1-acetyl BCAM may have been converted from 3-acetyl BCAM by a nonenzymatic conversion [24] . On the other hand, EstDL136 showed strong CAE activities toward both C 1 and C 3 acetyls that completely hydrolyzed all BCAM acetates to BCAM within 2 h (Fig. 6 ).
DISCUSSION
Function-based screening of a metagenomic library permits recovery of functional microbial genes and reannotates some hypothetical proteins with specific functions [18, 21, 26] . In this study, we investigated lipolytic enzymes from alluvial soil metagenome and indentified two esterases, EstDL26 and EstDL136, for their particular CAE activities.
EstDL26 and EstDL136 were new members of the HSL family, and some enzymes from the HSL family revealed particular activities; for example, Est25 efficiently hydrolyzed (R,S)-ketoprofen ethyl ester [15] , EstAT1 and EstAT11 hydrolyzed racemic ofloxacin esters [14] , and brefeldin A esterase detoxified brefeldin A [17] . Here, we demonstrated that both EstDL26 and EstDL136 have specific hydrolytic activity toward Cm acetates. Accordingly, we found that two other HSL members ELP4 and ELP120 also had CAE activity (data not shown). So far, we have not detected CAE activity from other lipase families except HSL.
Although the CAE activity has been reported previously [25, [31] [32] [33] , little information about the corresponding genes or enzymes is available. In the present study, the EstDL26 and EstDL136 isolated from soil metagenome reactivated Cm from functionally inactive Cm acetates in the presence of CAT in E. coli (Fig. 2) ; and in vitro, EstDL136 hydrolyzed 1-and 3-acetyls and 1,3-diacetyl, all three BCAM acetates; however, EstDL26 showed CAE activity toward the acetyl group at C 3 other than C 1 (Fig. 6) .
CAE activity has been detected in most Cm-producing Streptomyces spp.; in contrast, the CAT activity has not been detected [5, 25] . In Streptomyces venezuelae, a Cmproducing strain, Gross et al. [6] have observed the accumulation of Cm acetate during Cm production when esterase was inhibited, suggesting that Cm acetate is a possible intermediate in the Cm biosynthesis rather than being acetylated from Cm. However, the Cm biosynthesis pathway elucidated later suggested that Cm acetates were not involved in the pathway [8, 20] . Accordingly, we propose an existence of CAT in Cm-producing Streptomyces, and the reason why it has not been detected is probably that esterase activity shades the acetylating activity, which interferes with the detection of CAT, just as what has happened in E. coli carrying pDL26 and pDL136. pDL26 and pDL136 possessed both CAE and CAT (selection markers of fosmid) simultaneously, and E. coli carrying either pDL26 or pDL136 revealed deacetylation to the extent that the majority of the extracted Cm from spent cultures was in its active form (Fig. 2) . However, both strains showed Cm resistance, probably because of the CAT elevating the Cm resistance ability. CAE activities have been detected in Mycobacterium tuberculosis and M. bovis, and when CAT was introduced into these two bacteria, Cm resistance was increased 5-and 10-folds, respectively [31] . Thus, the possibility of CAE-CAT forming a two-component system in Cm-producing Streptomyces seems to be reasonable, where CAT functions for selfdefense and CAE works as a toxicity factor to release the active antibiotic by linking to the excretion of Cm. A similar system has been detected in Fusarium sp., the producer of trichothecene mycotoxins in which both acetyltransferase and esterase are required for mycotoxins production, and esterases from different chemotypes revealed regioselectivity to produce different mycotoxins [1, 16, 23] .
CAE activity has also been detected from some Cm non-producing Streptomyces [25] , Spirochaeta aurantia [33] , and M. tuberculosis and M. bovis [31] , but their biological function was unclear. Considering the broad substrate-spectrum of esterase, reactivation of Cm may be a subsidiary function of these enzymes.
In conclusion, this study primarily identified two CAEs, EstDL26 and EstDL136, that reactivate Cm against CAT, and we also suggest that bacterial CAE may be widely distributed among diverse soil microorganisms. Eventually, these two enzymes conferred remarkable CAE activity to E. coli, which can be a potential defense-toxicity mechanism in the Cm-producing bacteria.
